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Introduction
Our original hypothesis was that erectile dysfunction (ED) subsequent to radical prostatectomy for prostate cancer can be prevented and even reversed by long-term sustained treatment with PDE5 inhibitors, alone or in combination with nitric oxide (NO) generators, that combat oxidative stress and fibrosis in the penile corpora cavernosa smooth muscle and stimulate cavernosal nerve regeneration, due to the vasculo-and neuroprotective effects of NO and/or its reaction product, cGMP. We aimed to study in a bilateral cavernosal nerve resection (BCNR) rat model whether:
1) There is a progressive increase in collagen synthesis and SMC apoptosis in the corpora cavernosa trabecular tissue compounded by a decrease in collagen breakdown, due to production of pro-fibrotic factors such as TGFβ1, that leads to a progressive corporal veno-occlusive dysfunction (CVOD), the primary form of vasculogenic ED.
2) The induction of inducible nitric oxide synthase (iNOS) which is the tissue's endogenous mechanism of defense against fibrosis by its inhibition of collagen synthesis through NO reduction of reactive oxygen species (ROS) produced during oxidative stress, can be mimicked by long-term oral treatment with NO generators and/or PDE5 inhibitors, and thus prevent or reverse CVOD, due to the vasculoprotective effects of these agents that increase tissue compliance. 3) These agents lead also to partial penile nerve regeneration, due to their neuroprotective effects.
Our specific aims were: Aim 1. To assess the most effective adjuvant therapy to radical prostatectomy to prevent smooth muscle (SM) fibrosis and CVOD, by the modulation of the NO/cGMP/ROS balance in the penis subsequent to cavernosal nerve damage in the rat model. Experiment 1. Time-course of BCNR induction of CVOD and the underlying penile SM fibrosis. Experiment 2. Effects of sustained oral administration of PDE5 inhibitors or NO generators on CVOD and the underlying corporal fibrosis, at a selected time after BCNRBCNR for 45 days. In addition, the following 90-day treatment groups will receive also 2 days before sacrifice fluorogold 4% for transneuronal retrograde tracing: 8) BCNR with selected treatment; 9) BCNR untreated; 10) sham untreated. Total: 85 rats. Outcomes: Groups 1-8 will be assayed for: a) as in Aim 1; b) collagen turnover by luminometry & matrix metalloproteinase (MMP) activity; c) SMC turnover by QIA for BrdUr and apoptosis; d) Oxidative/nitrosative balance by QIA and western blot for xanthine oxidoreductase (XOR), iNOS, and peroxynitrite. Groups 8-10 will be assayed for: e) regeneration of nitrergic nerves by immunohistochemistry in pelvic ganglion (IHC) for PRV/ PnNOS; f) neurofilaments by synaptophysin by IHC/QIA; g) neuron body regeneration by BrdUr-IHC.
Some modifications throughout the project included replacing vardenafil by sildenafil, bromo-deoxyuridine by proliferating cell nuclear antigen (PCNA) and other minor changes During Year 3 we complied with Experiments 3 and part of 4, since the other part of Experiment 4 was the subject of Abstract A-2, that is included in this report as paper P-8, and is therefore completed. Our new experimental work describes below different treatment modalities in the BCNR rat model for erectile dysfunction subsequent to radical prostatectomy for prostate cancer, based on the long term sustained administration of PDE5 inhibitors. Our previous results used doses of sildenafil in the rat model that when translated to men would be equivalent to, or lower than, the ones used for pulmonary hypertension
This was aimed to check whether reducing the PDE5 inhibitor dose, and combining it with a nitric oxide donor (molsidomine), still achieves a similar amelioration of CVOD and of the underlying histopathology as compared to our previous publications with high dose during Years 1 and 2. This would help to develop a pharmacological therapy aiming to cure this type of ED with the minimum of side effects, and not just to palliate it, in the new approaches for "penile preservation post-radical prostatectomy" that are now being introduced in the clinic. Therefore, our results have some translational impact in a topic of considerable public health significance.
In addition, we have initiated studies aimed to determine whether our previous demonstration that muscle derived stem cells (MDSC) can correct ED associated with aging (Nolazco G, Kovanecz I, Vernet D, Ferrini M, Gelfand B, Tsao J, Magee T, Rajfer J, GonzalezCadavid NF (2008) Effect of muscle derived stem cells on the restoration of corpora cavernosa smooth muscle and erectile function in the aged rat. BJU Int, 101(9):1156-64) can be successfully replicated in the BCNR model, and whether combination with a low dose PDE5 inhibitor stimulates the MDSC conversion into corporal smooth muscle cells.
Finally, we have complemented these studies with the parallel ones in another model of erectile dysfunction, the diabetic mouse model lacking inducible nitric oxide synthase (iNOS), where we tested the effects of molsidomine on the underlying histopathology, and we have discussed them in relation to another fibrotic condition of the penis where long-term sustained administration of PDE5 inhibitors may have therapeutic value.
A no-cost extension was issued by DOD to complete the ongoing assays for the experiments mentioned above, and particularly for addressing experiment 5 on the specimens already collected. This no-cost extension may even allow to do some preliminary assays to examine a complementary hypothesis for the restoration of erectile function by the regimen we have investigated.
Description of research accomplishments

A. For Aim 2 Experiment 3. Comparison of treatment modalities involving PDE5 inhibitors.
The aim was to optimize the regimen by reducing doses and by combining with long-action NO donors that would stimulate cGMP levels. Rats were subjected to BCNR and divided in the following long-term sustained treatment groups. These are the last animal experiments for this grant and they have just finalized in terms of the functional determinations, but some of the data is still being analyzed, and in addition several assays are still pending and will be completed before the end of the no-cost extension.
Series "A" 1) Sham, or "SH" 2) Untreated BCNR, or "control"
3) BCNR with continuous oral sildenafil, in the drinking water at a medium dose (1/2 the previous dose, approximately 10 mg/kg/day), or "MS", about 100 mg equivalent tablet intake by men. 5) BCNR with LS sildenafil, as retrolingual single daily instillation of 0.2 ml of a special formulation at 5 mg/ml, 1 mg/day, or approximately 2.5 mg/kg/day, or "RLS", about 25 mg equivalent tablet intake by men 6) As in #3, plus molsidomine 10 mg/kg/day (IP), or "MMS" 7) As in #4, plus molsidomine 10 mg/kg/day (IP), or "MLS" 8) BCNR with molsidomine alone at 10 mg/kg/day, or "M" Series B 9) BCNR with MDSC injected into the corpora (10 6 cells), or "MDSC" 10) as in 9), with low sildenafil, or "MDSC-LS" Figure 1 shows that all sildenafil treatments at lower doses or in discontinuous administration, or molsidomine alone or in combination with sildenafil, normalized the impaired erectile response of the BCNR rats measured by the drop rate during dynamic infusion cavernosometry. The higher the drop rate in comparison with sham-operated rats the more intense CVOD is. This is a positive result that is promising because it suggests that even at these low dosages, long-term sustained sildenafil is able to improve erectile function by possibly acting on the underlying histopathology. Figure 2 suggests that this is the case, since the corporal SMC/collagen is moderately increased by the different treatments. However, three factors need to be addressed before the statistical analysis and reaching any conclusion: a) the control group here is taken from ref. P1 , since the assay of the true control group in this experiment is still ongoing; b) the previously reported increase with higher sildenafil dosages (ref. P2) was much more considerable; c) the immuno-histochemistry (Fig. 3 ) and western blot analysis (Fig. 4 ) of alpha smooth muscle actin (ASMA) expression, an indicator of SMC content do not show any significant increase by sildenafil. In fact Figure 3 shows for the groups with medium sildenafil dose and with molsidomine, or with molsidomine alone (the ones were the quantitative comparison is completed) no significant difference against the control, and even a slight trend to a reduction. The image analysis for the other groups is ongoing. A similar situation occurred with the western blot for ASMA, where so far, and unexpectedly too, no significant differences have been found (Figure 4 ). These determinations are being repeated with new specimens because of inconsistencies in the GAPDH correction.
As to the experiment involving MDSC alone or supplemented with low sildenafil, the cavernosometry results look promising, but since they are ongoing we will present them on the final report. In addition, we conducted related studies to support the potential antifibrotic effects of longterm sustained administration of PDE5 inhibitors, focusing on two other fibrotic conditions of the penis that involve similar fibrotic and antifibrotic pathways. One study is the localized fibrotic plaque of the tunica albuginea of the penis reported in the review paper P-7. The other is the investigation of the effects of molsidomine on penile corporal fibrosis induced by diabetes, utilizing a transgenic mouse where iNOS is genetically blocked (P-8). Both papers support our approach in the BCNR rat model with both types of agents.
Summary of paper P-7. Treatment of Peyronie's disease with PDE5 inhibitors: an antifibrotic strategy.
Peyronie's disease (PD) is a prevalent localized fibrotic condition of the penile tunica albuginea, associated with risk factors for corpora cavernosa fibrosis (aging and diabetes), and with another localized fibrotic process (Dupuytren's disease). Most of the current pharmacological treatments for PD are not based on antifibrotic approaches substantiated by prior evidence in animal models or clinical efficacy in any other fibrotic condition, and this may explain why they are not generally successful. Evidence gathered on human specimens and animal models of PD have elucidated aspects of its etiology and histopathology, showing that overexpression of TGFβ1, plasminogen activator inhibitor 1, reactive oxygen species, and other profibrotic factors, assumed to be induced in most cases by trauma to the tunica albuginea, leads to myofibroblast accumulation and excessive deposition of collagen. In parallel, a steady overexpression of inducible nitric oxide synthase (iNOS), and hence of nitric oxide and cGMP, appears to act as an antifibrotic mechanism. This process has also been reported in corporal and cardiovascular fibrosis, and has thus led to the demonstration that long-term continuous administration of PDE 5 inhibitors counteracts the development of a PD-like fibrotic plaque in a rat animal model of PD, later extended to the prevention of corporal fibrosis in rat models of erectile dysfunction. The experimental evidence for this novel therapeutical modality is discussed.
Summary of paper P-8.The genetic inactivation of inducible nitric oxide synthase (iNOS) intensifies fibrosis and oxidative stress in the penile corpora cavernosa in type 1 diabetes.
Introduction. Endogenously-elicited iNOS induction counteracts fibrosis and oxidative stress in penile tissues in rat models of Peyronie's disease and erectile dysfunction. Aim. The current study aimed to determine whether the genetic blockade of iNOS expression in the iNOS knock out (iNOS KO) mouse intensifies fibrosis and oxidative stress in the penile corpora cavernosa, and this is exacerbated by streptozotocin (STZ)-induced diabetes and counteracted by insulin. Main outcomes. Quantitative assessment of histological and biochemical markers in mouse corporal tissue. Methods. Male iNOS KO and wild type (WT) mice were left untreated or injected with STZ, with or without insulin treatment. At 8 weeks, glycemia, glucosuria and proteinuria were determined, and corporal tissue sections were obtained and subjected to Masson trichrome staining for smooth muscle (SM)/collagen ratio, and immunostaining for -smooth muscle actin (ASMA) for SM content, proliferating cell nuclear antigen (PCNA) for cell replication, TGFbeta1 as profibrotic factor, TUNEL assay for apoptosis, and xanthine oxidoreductase (XOR) for oxidative stress. Collagen was estimated by the hydroxyproline reaction. Results. The corporal SM/collagen ratio and SM content were reduced, and collagen content increased in iNOS KO mice as compared to WT mice, but apoptosis was decreased and cell replication increased, whereas TGFβ1 and XOR did not vary. Severe hyperglycemia caused in the WT a reduction of the corporal SM/collagen ratio and SM content, and an increase in apoptosis without changes in PCNA, TGFβ1, or XOR. In the iNOS KO mouse the hyperglycemia-induced alterations were exacerbated, with additional increases in oxidative stress and TGFβ1. Insulin normalized glycemia and partially protected the SM in both the WT and the iNOS KO mice. Conclusions. The antifibrotic, antioxidative, and SM-protective roles of iNOS in the penile corpora cavernosa were confirmed in the iNOS KO/STZ mouse model. These findings support the importance of endogenously-elicited iNOS induction in protecting the penile corpora cavernosa from the pro-fibrotic effects of hyperglycemia.
B. Pending experiments
We aim to complete during the one-year no-cost extension the Masson trichrome staining for the smooth muscle/collagen ratio for group 2, and the hydroxyproline estimations for collagen content in groups 2-8, to determine whether despite the smooth muscle content appears essentially unchanged by the lower doses of sildenafil, collagen is in fact decreased as expected from the cavernosometry determinations.
We will also estimate the potential regeneration of nitrergic nerves by immunohistochemistry or immunofluorescence of corporal neurofilaments, by antibodies against synaptophysin or neurofilament-70 (NF-70), combined with nNOS estimation by quantitative image analysis.
Since the cavernosometry is virtually complete, we will also perform Masson trichrome and immunohistochemistry for ASMA for the two groups receiving MDSC supplemented or not with low sildenafil
If collagen is not affected by sildenafil at low doses (with or without molsidomine) and if time and resources allows it, we will investigate a complementary hypothesis not planned initially. This is whether, in addition to the already demonstrated antifibrotic and protective effects on the corporal smooth muscle exerted by the long-term sustained administration of high doses of sildenafil, there is a secondary site of action that can be detected at low doses when the effects on the corporal smooth muscle would be negligible. This will involve investigating one or several of the other potential sites of action of long-term lower doses of sildenafil: a) nitric oxide bioavailability in the corpora cavernosa, by increasing eNOS and nNOS content, that by producing more nitric oxide and cGMP, would synergize the reduction of XOR, and hence of ROS, already demonstrated; we may also estimate nitrotyrosine and NADPH oxidase; or b) the potential reduction of corporal tone, caused by a decrease in the expression of the rho-kinase system.
Bulleted list of key research accomplishments
We have demonstrated in a rat model of erectile dysfunction subsequent to cavernosal nerve damage during radical prostatectomy for prostate cancer (bilateral cavernosal nerve resection in the rat, or BCNR), that:
• The improvement by continuous long-term oral administration of PDE5 inhibitors of the corpora cavernosal histopathology underlying the main cause of erectile dysfunction, CVOD, resulting from cavernosal nerve resection, is dose-dependent. We found that 2-and 8-fold dose decreases in the previously used dose of sildenafil (20 mg/kg/day), ameliorated the corresponding CVOD, even by a discontinuous but daily administration that mimics a daily pill regimen in men.
• However, these lower doses of sildenafil failed to counteract the smooth muscle loss or stimulate cell proliferation at the levels previously seen with higher doses.
• The long-term sustained intraperitoneal administration of a long-action nitric oxide donor, molsidomine, did not seem to be superior to sildenafil for correcting CVOD, and did not improve or potentiate its effects on the underlying histopathology. This, despite molsidomine was effective in protecting the corporal smooth muscle and particularly ameliorating oxidative stress in a condition, type 1 diabetes, that induces erectile dysfunction and a corporal histopathology similar to the one caused by BCNR. In fact, molsidomine also ameliorated oxidative stress in the BCNR model.
• The current results raise the question on whether additional mechanisms to the counteraction of corporal fibrosis and smooth muscle loss underlie the correction of CVOD subsequent to cavernosal nerve damage, induced by PDE5 inhibitors, and which is the key mechanism in this process. These topics are being approached during the nocost extension, addressing particularly the potential regeneration by sildenafil of nerve terminals in the corpora and the prevention of fibrosis and loss of smooth muscle in the penile arteries.
• Another ongoing experiment where MDSC have been given in combination with sildenafil at the lowest dose, or alone, to BCNR rats has been successfully completed and a series of assays will determine during the no-cost extension whether sildenafil potentiates the putative beneficial effects of the stem cells on CVOD and the underlying histopathology.
• Our previous results reported in papers 1-6, and now in papers 7 and 8, have contributed to an intensive discussion among physicians involved in the treatment of erectile dysfunction, and particularly subsequent to radical prostatectomy after prostate cancer, about the possible switch of the "on demand", sporadic administration of PDE5 inhibitors, to a daily long-term regimen. This may become standard practice to prevent erectile dysfunction and even LUTS (lower urinary tract symptoms) in "penile rehabilitation" strategies after radical prostatectomy for prostate cancer. FDA has granted approval for tadalafil daily use, and several trials are ongoing to evaluate this treatment modality. A similar approach is being considered for another fibrotic condition in the penis: Peyronie's disease.
Reportable outcomes for Year 2
Papers and abstracts follow a correlative numbering with those previously reported with the reports for Years 1 and 2. Because of the need to complete the histopathological evaluation, we have not submitted additional papers other than the ones above and the six others related to this grant cited in the previous two reports. A new paper on BCNR is in preparation (P-10) and we expect to submit and include it in the final report Abstracts and presentations related to this grant (penile fibrosis and CVOD) .
A9. There are other four unrelated applications.
Appointments
None.
Conclusions
During years 1 and 2 we have shown that long-term sustained administration of high doses of PDE5 inhibitors (tadalafil and sildenafil, previously vardenafil), prevented in a rat model of cavernosal nerve damage post-radical prostatectomy the erectile dysfunction (corporal venoocclusive dysfunction or CVOD) and the underlying penile corporal histopathology resulting from this surgery for prostate cancer in men. Now, we have shown that much lower doses of sildenafil, combined or not with a nitric oxide donor, molsidomine, also correct the neuropraxia-induced CVOD, although so far the stimulation of smooth muscle repair and decrease of fibrosis in the corpora cavernosa do not seem to occur (ongoing assays). We have also studied in this model the effect of implanting MDSC into the corpora in the presence or absence of long-term sustained low dose sildenafil (ongoing).
During the no-cost extension we aim to complete these studies and determine whether sildenafil stimulates nerve terminal regeneration in the corpora, and, if possible, examine a complementary hypothesis to explain the correction of CVOD by low doses of sildenafil based on secondary tissue targets, such as NO bioavailability or rhokinase reduction.
Our results have pioneered and provided a scientific justification for the emerging shift from the current "on demand/sporadic" therapy of post-radical prostatectomy patients with PDE5 inhibitors, towards their long-term daily administration in the novel "penile preservation postradical prostatectomy" clinical approach.
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Introduction
Peyronie's disease (PD) is somewhat of a misnomer, as it is actually restricted to a small localized fibrotic plaque of the tunica albuginea of the penis.
1,2 epidemiologic studies suggest that the disease may be present in up to 10% of all men, but primarily affects those in their sixties and seventies.
1-6 the reason PD attracts attention is that many men with the disease have some form of erectile dysfunction, and in the erect state the afflicted organ tends to curve and may be painful during intercourse. Despite its typical fibrotic histopathology, this condition is not associated with other localized or diffuse fibrotic processes, with the single exception of Dupuytren contraction, with which it shares a similar histopathology. [7] [8] [9] no satisfactory medical treatments for PD are currently available; however, experimental models have provided new insights into its pathophysiology and etiology, which have facilitated the investigation of alternative therapeutic approaches, including long-term continuous administration of phosphodiesterase type 5 (PDe5) inhibitors 10 as an antifibrotic modality. in this review we examine the experimental evidence that forms the basis for this treatment strategy. no reports of the clinical efficacy of long-term PDe5 inhibition in patients with PD have been published, and, although the first preliminary animal study dates back to 2003, 11 this should still be considered as a novel management approach that requires future clinical validation.
Pathophysiology
a widely accepted hypothesis on the etiology of the PD plaque is that it originates from trauma or microtrauma to the erect penis, primarily during different types of sexual activities. 12 this hypothesis is based mainly on the demonstration of fibrin staining or immuno detection in tissue sections of human PD plaques, [13] [14] [15] findings that have been corroborated in an animal model of PD. 14 a plausible interpretation of this hypothesis is that the fibrin originates from fibrinogen that has extravasated into the interstices of the tunica albuginea during a traumatic sexual episode. inhibition of the fibrinolytic system or an inability to degrade the intravasated fibrin would then lead to its persistence in the tunica, which initially leads to an acute inflammatory response. Because the fibrin is not degraded, the protein continues to exert a proinflammatory response, which ultimately leads to an abnormal healing process. the end result is the formation of a 'scar' that at some time evolves into a palpable plaque. 16 indeed, injection of fibrin directly into the tunica albuginea of the rat penis elicits a PD-like plaque, resembling in many aspects the histology and evolution of the human PD plaque. 14, 15, 17 the epidemiological association of PD with a history of sexually elicited trauma of the penile or pelvic surgery, which may affect the homeostasis of tissues in the penis, supports the trauma-related hypothesis for at least part of the patient population, 8, 18, 19 despite some contradictory evidence. 5, 8, 20 Considering the association of PD with Dupuytren contracture, genetic or immune-related predisposition to PD may modulate the tunical healing reaction following any type of trauma to the penis, but this possibility has not been studied as intensively as is needed. [21] [22] [23] the pathology of the PD plaque has been investigated in a variety of studies in human and animal model specimens and in related cell cultures. 1, 10 Based on the results of histochemistry, immunohistochemistry and other assays performed on the human PD plaque tissues, it is clear that fibrosis-the excessive deposition of collagen and extracellular matrix (eCM) with disorganization of collagen fibers and loss of elastic fibersis the main pathological process, combined in most cases with fibrin accumulation and different degrees of inflammation. [12] [13] [14] 24, 25 Myofibroblasts (cells that share the fibroblast and smooth muscle phenotypes 26, 27 ) are not normally present in the tunica albuginea of the penis, but have been identified as the cells responsible for the disarrangement of the eCM in the PD plaque.
28-32 the normal process of apop tosis that eliminates myofibroblasts after they have fulfilled their role in wound healing is somehow inhibited in PD, thus leading to their persistence in the tunica albuginea. this myofibroblast accumulation is common not just to scar formation in the skin or the infarcted heart, but to most other types of fibrosis. 26, 27 the PD plaque becomes harder by progressing through an intensification of fibrosis (with or without the persistence of inflamma tion) and, in at least 15% of the patients, through an advanced stage of calcification and ossification involving osteoblasts. 33, 34 spontaneous regression of the plaque after its initial formation occurs in rare cases. 9, 34 the scattered evidence regarding human PD plaque tissues has been considerably expanded by systematic approaches in experimental animal models, mainly in the widely used rat model of PD induced by trans forming growth factor β1 (tGF-β1).
1,10 this key pro fibrotic factor, present in multiple tissues 35 and produced in the human PD plaque, is found at increased levels in the blood of PD patients. 36 similarly, when a peptide derived from the tGF-β1 sequence is injected into the rat tunica, a plaque resembling that seen in human PD is found around
Key points
Rodent models of Peyronie's disease (PD) are representative of most of the ■ main histological and biochemical features present in human specimens
Cell cultures obtained from the human PD plaque and its rat counterpart have ■ added to the experimental evidence acquired in the human and in animal models
Endogenous mechanisms of defense against tunical tissue inflammation, ■ oxidative stress and fibrosis have been detected in the PD plaque and the rat PD-like lesion, and may be mimicked pharmacologically for treatment
Endogenously elicited inducible nitric oxide synthase leads to sustained ■ production of nitric oxide and cGMP , which counteract myofibroblast differentiation, accumulation of reactive oxygen species, cytokine release, and collagen deposition
Continuous long-term administration of nitric oxide donors and ■ phosphodiesterase 5 inhibitors has shown preventive and corrective effects in a rat model of PD: studies in patients with PD are now needed 45 days later 11, [37] [38] [39] [40] [41] at the injection site. Other less frequently employed but nonetheless useful animal models are based on either the successive injections of an adenoviral construct expressing a constitutively active tGF-β1 protein, leading to penile curvature during the erect state and, at times, calcification within the plaque, 42 or on a single fibrin injection that mimics the extravasation of fibrinogen, initiating acute inflammation followed by the rapid development of the PD-like plaque.
14,15,17 Both tGF-β1 and myostatin, another profibrotic factor within the tGF-β family, are involved in this process, 41 and it is quite likely that the key downstream signaling occurs via the smad pathway, which is the mechanism common to most factors in this family. 43 a tight skin (tsk) mouse model has been described that develops a spontaneous PD-like plaque with penile bending and areas of chondroid metaplasia with heterotypic ossification. 44 these animal models, therefore, represent most of the histologic and biochemical features of the human PD plaque, including inflammation, myofibroblast accumula tion, collagen deposition, oxidative stress, calcification, ossification and penile bending, among others. thus, we believe that the PD-like lesion, either elicited experimentally or by spontaneous mutations in the rodent tunica, is more complex than a mere tunical fibrosis event, and, imperfect as most disease models in laboratory animals are, this experimental plaque is adequate for preclinical testing of various therapeutic strategies for PD.
Finally, the use of cell cultures from the normal, myofibroblast-free tunica albuginea or from the human PD plaque or the induced PD-like plaque from a rat, which are enriched in myofibroblasts, has allowed us to more precisely define the role of myofibroblasts in the pathophysiology of PD. [28] [29] [30] [31] [32] 45, 46 these cells have been shown to be responsible for the excessive collagen deposition seen in PD, and have even been postulated to cause penile bending by their contractile features. Moreover, pluripotent stem cells have been identified in the PD cultures. this may explain the fibrotic and osteogenic progression of the PD plaque upon the release of cytokines following microtrauma to the penis, which would stimulate stem cell commitment to this cell lineage. 31, 45 PD fibroblasts are also potentially tumorigenic, or acquire this trait upon culture, but it is not known whether this is related to the presence of stem cells. 47 there is no doubt that cell cultures derived from the human PD plaque and normal tunica albuginea closely represent their respective histologic features, notwithstanding the obvious shortcomings of any type of cell culture compared to the in vivo tissue. this has been tested with a multiplicity of immunocytochemical and western blot markers, as well as Dna microarrays and reverse transcription polymerase chain reaction procedures for the detection of fibroblasts, myofibroblasts and stem cells, and their respective differentiation and roles in inflammatory and fibrotic processes. the situation is similar regarding cell cultures obtained from the rat PD-like plaque, which have been shown to mimic their human counterparts. all these cultures have been useful rEviEws nature reviews | urology aDvanCe OnLine PuBLiCatiOn | 3 tools for defining therapeutic targets at the cellular and molecular level.
Cellular and molecular mechanisms
results from experimental studies that have employed a variety of cellular and molecular biology techniques in the PD models described above, combined with the information obtained from the analysis of the human PD plaque, have made it possible to define an overall mechanistic picture of the initiation and progression of the PD plaque. 48 the mechanism resembles that seen in some other localized fibroses, including the more gradual and diffuse type that occurs in the penile corpora cavernosa of men with erectile dysfunction and many animal models of this disorder. 49 the main features of PD fibrosis are described below.
Fibrinogen extravasated into the tunica albuginea of the penis accumulates at the site of the future PD plaque owing to inhibition of the fibrinolytic and other proteolytic systems, primarily due to overexpression of plasminogen activator inhibitor 1 (Pai-1). the resulting fibrin formation, and possibly with the assistance of immunoglobulins and other extravasated proteins, triggers the release and/or activation of tGF-β1, Pai-1, and reactive oxygen species (rOs), which are recognized as key profibrotic factors in many tissues, including the kidney and vascular system. Concurrent expression of other cytokines, including monocyte chemotactic protein 1 (MCP-1; also known as CC-chemokine ligand 2 [CCL-2]), which is associated with acute inflammation that often progresses to a chronic phase, overexpression of other members of the tGF-β1 family (such as myostatin) and components of their common smad signaling pathway, and other unknown agents combine to elicit the fibrotic process. the PD plaque then develops through excessive collagen deposition, elastin degradation, myofibroblast differentiation from fibroblasts or stem cells in the tunica, oxidative stress, and eventually calcification ( Figure 1) . 10, 48, 50, 51 the accumulation of tissue inhibitors of metalloproteinases (tiMPs) and the relative inhibition of collagenases (and/or a possible downregulation of their expression), which interferes with the normal breakdown of the accumulated collagen-and potentially, in the case of tiMPs, with therapeutic collagenase delivered to the plaque-contribute to the maintenance of the fibrotic process. 52 One of the main findings stemming from Dna microarray analysis of the molecular profile of the PD plaque is the recognition that this tissue may be undergoing constant cellular and molecular turnover, and that spontaneous development of defense mechanisms to counteract fibrosis and oxidative stress might occur. 53, 54 this transcriptional analysis detected overproduction of matrix metalloproteinases (MMPs) 2 and 9 (which contribute to collagen breakdown), decorin (which binds and neutralizes tGF-β1), and thymosins (which activate MMPs) in both PD plaques and Dupuytren nodules, as well as in cell cultures of these tissues. all these proteins seem to act as antifibrotic agents, either by combating collagen deposition or promoting its breakdown; therefore, it is plausible to postulate that they are produced in response to the fibrotic processes and that progression depends on the balance between the noxious and protective mechanisms, which in some cases may lead to spontaneous regression of the plaque.
Role of inducible nitric oxide synthase
Despite the experimental evidence outlined above, the current pharmacological management of PD is mostly Figure 1 | Schematic representation of the etiology and pathophysiology of the fibrotic process leading to the Peyronie disease plaque (red), and the antifibrotic effects (green) of endogenous iNOS. Fibrin extravasated after injury or trauma to the penis accumulates in the tunica albuginea, which induces a local proinflammatory response. This leads to increased production of several key profibrotic factors, including PAI-1 (which inhibits fibrinolysis), TGF-β1 and ROS, which contribute to the accumulation of myofibroblasts. Myofibroblasts are responsible for the increased collagen and extracellular matrix deposition leading to fibrosis, and, owing to inhibited apoptosis of these cells, persist in the tunica albuginea. The production of iNOS seems to be an endogenous antifibrotic factor, leading to increased levels of NO in the affected tissue. NO inhibits collagen synthesis and myofibroblast differentiation and reduces oxidative stress by quenching ROS. In addition, NO increases the activity of sGC, which in turn increases levels of cGMP , which has further antifibrotic effects. Potential pharmacological interventions (gold) that might prevent or partially reverse plaque formation include NO donors, sGC stimulators and PDE5 inhibitors. Abbreviations: iNOS, inducible nitric oxide synthase; MMPs, matrix metalloproteinases; NO, nitric oxide; PAI-1, plasminogen activator inhibitor 1; PDE5, phosphodiesterase type 5; ROS, reactive oxygen species; sGC, soluble guanylate cyclase; TGF-β1, transforming growth factor β1.
rEviEws empirical, as it is generally based on the use of drugs targeting nonspecific or ancillary aspects of PD, such as inflammation or cell replication. 2, 55 virtually nothing has been translated from the abundant pharmacological studies in other types of fibrosis, or from preclinical studies in animal or cell culture models of PD. this renders PD a sort of orphan disease in terms of a scientifi cally rational approach to therapy, in contrast to the other types of fibrosis where, in general, clinical use is supported by promising preclinical studies. 48, 56 However, among the putative endogenous mechanisms of defense against fibrosis that are postulated to operate in the PD plaque, the most intensively studied and highly promising in terms of therapeutic potential is the spontaneous induction of inducible nitric oxide synthase (inOs), a nOs isoform that is not expressed in normal penile tissue. 57 whereas in the past it was assumed that the presence of inOs portended a deleterious outcome to a tissue, it is now believed to in fact be a protective mechanism against tissue fibrosis in certain settings. inOs expression produces a steady output of nitric oxide, a compound that directly inhibits collagen synthesis and myofibroblast differentiation, quenches rOs via the production of peroxynitrite, and inhibits the tGF-β/smad signaling pathway, thus counter acting fibrosis. 11, 17, 25, 30, 41 the pro-apoptotic effects of nitric oxide might also contribute to reducing the myofibroblast population. remarkably, inOs production in the penis is not restricted to the tunica albuginea or to PD. For example, inOs is detectable in the corpora cavernosa of patients with diabetes, advanced age, and even following radical prostatectomy, where fibrosis of the corpora leads to the development of corporal veno-occlusive dysfunction (CvOD). inOs production may also been seen in the penile arteries in disease states where arterio sclerosis or arterial stiffness is present. [57] [58] [59] [60] [61] [62] [63] [64] in all these scenarios, inOs production, resulting in some cases from an inflammatory process, is presumed to be an antifibrotic response to the development of fibrosis within these individual tissues.
Collectively, several lines of evidence in rodent models support the antifibrotic role of inOs in the PD plaque and in corporal and vascular tissue. Gene transfer of inOs cDna, which then becomes constitutively expressed, reduces fibrosis in the tunica albuginea and corpora of the penis, whereas long-term, specific inhibition of inOs activity (by the inOs inhibitor L-niL) counteracts this process in both tissues, as well as in the arterial wall. 17, 25, 58, 60 Furthermore, genetic inactivation of the inOs gene in the inOs knockout mouse intensifies collagen deposition in the corpora in a process exacerbated by diabetes. 64 this agrees with what has been shown in other tissues in the inOs knockout mouse model, in which the absence of inOs increases interstitial fibrosis after unilateral ureteral obstruction and hepatic fibrosis in animals fed a high-fat diet and in those with streptozotocin-induced diabetic nephropathy. [65] [66] [67] [68] [69] [70] inOs also has a cardioprotective role in preconditioning during ischemia reperfusion injury in mouse kidney and in granulomatous disease. 71, 72 some evidence suggests that inOs deletion seems to be protective rather than detrimental in certain types of fibrosis, [73] [74] [75] [76] and that inOs overexpression is associated with increased fibrosis, particularly in the diabetic kidney. 77 However, nitric oxide is known to inhibit myofibroblast differentiation via inhibition of the tGF-β/ smad pathway, and to have general antifibrotic effects via inhibition of collagen synthesis and rOs quenching.
78-82 the protective effects of inOs depend, therefore, on the specific tissue type and the pathological conditions under which it is induced. in the case of the penile tissues, including the PD plaque, all the evidence so far obtained supports an antifibrotic role for inOs.
Treatment with PDE5 inhibitors
although some of the beneficial, antifibrotic effects of inOs are directly attributable to nitric oxide, others may result from the increased levels of cGMP produced following stimulation of guanylate cyclase by nitric oxide, which subsequently leads to protein kinase G activation. cGMP, and in some cases PDe5 inhibitors, have been shown to inhibit myofibroblast formation in cell cultures of human and rat PD plaques 30, 32 and in lung fibroblasts.
83
these antifibrotic effects are also exercised by guanylate cyclase stimulators via protein kinase G stimulation and inhibition of fibrotic mediators such as angiotensin ii, or by tGF-β or rho activation.
83-87
an early preliminary study in the rat model of tGF-β1-induced PD demonstrated that both oral sildenafil, a PDe5 inhibitor that protects cGMP from breakdown, and oral pentoxifylline, a predominantly PDe4 inhibitor that increases caMP synthesis, counteract the development of the PD-like plaque.
11 in the case of pentoxifylline, it was proposed that the well-known caMP-cGMP signaling crosstalk may be responsible for its antifibrotic effects, although direct effects of caMP or the involvement of alternative pathways modulated by pentoxifylline can not be excluded. this study revealed a completely new mechanism of action for PDe5 inhibitors, in contrast to their standard on-demand clinical administration to facilitate penile erection upon sexual stimulation, which is mediated by their short-term relaxant effect on the corporal and arterial smooth muscle produced by a transient elevation of cGMP levels. the novel concept is that PDe5 inhibitors given for a suffi ciently long time can induce a sustained elevation of nitric oxide and cGMP levels that, independently of their vasorelaxant effects, which would show only during sexual stimulation, act as antifibrotic agents by reducing collagen deposition, profibrotic factor release, oxidative stress and myofibroblast numbers.
in a subsequent study in the same rat model, it was shown that another PDe5 inhibitor, vardenafil, given orally and in different dosing regimens, not only prevented but partially reversed the formation of the PD-like plaque. 40 to test the early preventive effects of vardenafil, the drug was administered to male rats either in their drinking water or as a once-daily oral instillation at either 1 or 3 mg/kg per day for 45 days following a single injection of tGF-β1 into the tunica albuginea rEviEws nature reviews | urology aDvanCe OnLine PuBLiCatiOn | 5 to induce the PD-like plaque. Other animals, in which a PD-like plaque had already been formed, received either dose of vardenafil in their drinking water for 42 days (late, therapeutic administration). Preventive treatment at the higher dose (both continuous and oncedaily treatments) reduced the overall collagen content, collagen iii/i ratio and the number of myofibroblasts and tGF-β1-positive cells, and selectively increased the apoptotic index of cells (presumably including myofibroblasts), in the PD-like plaque. the lower dose was less effective. when varden afil was given continuously in the drinking water for 42 days after the PD-like plaque was formed, a partial reduction in plaque size was observed. From these two studies, 11, 40 it was concluded that long-term oral treatment with a PDe5 inhibitor slows and reverses the early stages of an experimental PD-like plaque in the rat, and might ameliorate a more advanced plaque.
the optimal therapeutic regimen for discontinuous oral administration of PDe5 inhibitors was not assessed in these studies, so whether oral instillation, perhaps at a higher dose, can regress an already formed plaque is not known. However, the authors discussed the possibility of testing combinations of PDe5 inhibitors and other compounds used for the treatment of PD, such as verapamil (a calcium channel blocker), vitamin e (an antioxidant) and collagenase. an important point that was made was that, owing to the multifactorial nature of fibrosis and the difficulty of reversing established collagen cross linking, combination therapy might be more effective than a single agent when a well-formed PD plaque is present. 40 this first demonstration of the antifibrotic effects of long-term, continuous administration of a PDe5 inhibitor was later extended to the corpora cavernosal fibrosis that underlies CvOD, caused either by aging or by neuro praxia secondary to cavernosal nerve resection, mimicking the post-radical-prostatectomy state. [59] [60] [61] [62] in these cases, the effects of the three PDe5 inhibitors (sildenafil, vardenafil and tadalafil) on collagen deposition in the rat corpora were similar to those seen in the PD-like plaque; however, they also seemed to provide protection against the loss of smooth muscle cells, which are responsible for normal corporal compliance and their ability to relax and achieve normal veno-occlusion. in fact, the PDe5 inhibitors decreased corporal apoptosis-specifically of smooth muscle cells in this case, as opposed to the increased apoptotic index in tunical myofibroblasts observed in the PD plaque-and oxidative stress, thus preventing or correcting CvOD. sildenafil prevented the progression of corporal fibrosis in penile histopathology induced by cavernous neurotomy in the rat and in patients who had undergone radical prostatectomy.
88-90 these antifibrotic effects of PDe5 inhibitors, specifically the prevention of collagen deposition and the inhibition of tGF-β1 expression and oxidative stress, were also seen in rat models of diabetic nephropathy, experimental glomerulonephritis, myocardial infarction and hypertrophy, and pulmonary fibrosis; 91-95 therefore, their antifibrotic effects do not seem to be restricted to penile tissues. these effects should not be confused with the beneficial vasodilator mechanism exploited for the treatment of pulmonary hypertension.
96
Despite the two experimental papers on the effects of continuous long-term treatment with sildenafil and vardenafil on the PD-like plaque in the tGF-β1 rat model, 11, 40 the emerging literature on this modality in other types of tissue fibrosis, and the well character ized antifibrotic effects of cGMP and guanylate cyclase stimulators, no similar experimental studies have been performed in human patients with PD. an article related to the use of PDe5 inhibitors in patients with PD in fact focused on their standard "on-demand" application for treating erectile dysfunction, and not PD itself. 97 this lack of studies in humans does not seem to be due to concerns about potential adverse effects, as several trials have shown that daily administration of silden afil or tadalafil is well tolerated.
98,99 Moreover, a 2006 case report described the beneficial effects of an antifibrotic regimen of drugs that upregulate nitric oxide (and, therefore, cGMP production) in two patients with refractory priapism (>48 h duration). 43 Based on the previous work in a rat model of PD, 11 the regimen included the PDe inhibitors pentoxifylline and silden afil and the nitric oxide precursor l-arginine. at 1 year, both patients were found to have flexible corpora and no evidence of fibrosis.
Conclusions
Despite the strong preclinical evidence in animal models supporting the antifibrotic effects of continuous, longterm administration of PDe5 inhibitors in penile tissue, this approach has yet to be studied in patients with PD. the likelihood is that our wider experience of the ondemand use of PDe5 inhibitors for erectile dysfunction will eventually lead to the first clinical test of the antifibrotic hypothesis in the context of the relatively mild corporal fibrosis seen in patients after radical prostatectomy; only if successful in this application might its use be extended to PD. in any case, despite the promise of this novel approach, the progression of the human PD plaque to advanced fibrosis and calcification may restrict its application to the early stages of the disease. in addition, a combination regimen comprising PDe5 inhibitors and other agents that stimulate collagen breakdown may be needed to effectively reduce the size of an established plaque. we believe that a study in which the outcomes of men receiving a currently used treatment for PD plus a PDe5 inhibitor are compared with men receiving the same treatment plus placebo will help define the future role of PDe5 inhibitors in patients with PD.
Review criteria
We searched for original articles focusing on Peyronie's disease in PubMed published from 1980 onwards. The search terms we used were "Peyronie's disease" and "La Peyronie". All papers identified were full-text papers (unless indicated in the reference list) and were published in English, French or Spanish. 
Introduction
O ver the last few years it has become increasingly evident in men and in rat models that risk factors of erectile dysfunction (ED) such as aging, diabetes, hypogonadism, and nerve damage following radical prostatectomy promote smooth muscle (SM) dysfunction in the corpora cavernosa because of the loss or damage of SM, the tissue fibrosis, and the impairment of tissue relaxation that characterize vasculogenic, more specifically venogenic, ED [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The association between the increase in collagen fibers and the reduction of SM cells by apoptosis, resulting in the decrease of the SM/collagen ratio, leads to a defective corporal compliance underlying the most prevalent form of ED, corporal veno-occlusive dysfunction (CVOD) [12] . Often, but not always, there is a parallel increase in the activation of the TGFb1/Smad key pro-fibrotic pathway and of the production of reactive oxygen species (ROS) that cause oxidative stress and apoptosis and also stimulate fibrosis [7, 13, 14] . However, TGFb1 expression and oxidative stress in the corpora cavernosa are less marked in CVOD than in the tunica albuginea in Peyronie's disease, or in other urological tissues such as in diabetic nephropathy [15] [16] [17] [18] . These features in the corpora cavernosa, which are essentially an extension of the vascular system, are accompanied in the case of aging and diabetes by similar changes in the media of both the small penile arteries and large femoral artery and aorta vessels [19, 20] . The fibrotic and oxidative stress processes are similar to those seen in Peyronie's disease [15, 16] , so that in this sense the "hardening" of all these tissues is the common denominator, which in the case of the corporal/vascular system is combined with the SM cell loss, leading to the subsequent functional impairment.
A remarkable constant process in this histopathology is the exacerbated expression of the inducible nitric oxide synthase (iNOS), a NOS isoform that is not expressed in normal penile tissues [21] . Three independent lines of evidence in rodent models support the view that in the penis, iNOS is an endogenous mechanism of defense against fibrosis and SM cell loss and not a deleterious factor contributing to SM dysfunction: (i) gene transfer of iNOS cDNA reduces fibrosis in the corpora and tunica [22, 23] in a model of PD; (ii) long-term specific inhibition of iNOS activity by L-NIL intensifies collagen deposition and fibrosis in the penis and arterial wall of old animals [19, 24] ; and (iii) the sustained pharmacological elevation of the levels of nitric oxide and/or its effector, cyclic guanosine monophosphate, mimicking the result of iNOS induction, also acts as an antifibrotic mechanism in an experimental model of aging and cavernosal nerve resection [1] [2] [3] [4] [5] 25, 26] .
This "protective" iNOS induction has also been documented in tissues other than the penis or some arteries using the iNOS knock out mouse (iNOS KO). This strain served to show that in the rat kidney, the anti-inflammatory and antifibrotic effects of the type-1 cytokine response is iNOS dependent [27] and that iNOS deletion exacerbates interstitial fibrosis after unilateral ureteral obstruction [28] , or in streptozotocin (STZ)-induced diabetes despite a compensatory production of endothelial NOS [29] . Similarly hepatic fibrosis in animals fed high-fat diet is exacerbated in the iNOS KO [30] .
However, the postulation that iNOS is antifibrotic does not agree with other papers that do not show effects of iNOS deletion on fibrosis, such as in the heart after myocardial infarction [31] and in the liver after chronic carbon tetrachloride administration [32] . There are even reports claiming that it is the iNOS deficiency that provides protection against liver fibrosis in this model [32] and also in overload-induced cardiac hypertrophy [33] and in silica-induced pulmonary fibrosis [34] . It is possible that the deleterious effect of iNOS could be due in some cases to being produced as a result of a macrophage recruitment induced by the chemical insult instead of the progressive and milder metabolic changes caused by diabetes or aging.
Chronic inhibition of iNOS activity in wild type (WT) animals with L-NIL or aminoguanidine partially reduced proteinuria, an indicator of kidney fibrosis in 5/6 nephrectomized rats and ischemia/ reperfusion injury [35, 36] . In contrast, L-NIL increased myofibroblast accumulation in the "preconditioning" of the kidney to protect from ischemia/reperfusion, which agrees with the view that iNOS is essential for protecting the heart from ischemia/reperfusion [37, 38] . This confusing evidence regarding the role of iNOS genetic deficiency in fibrosis of nonpenile tissues occurs also in terms of oxidative stress because some reports claim that this ablation is deleterious, and therefore that iNOS counteracts ROS generation, at least in heart and brain injury [39, 40] , whereas others postulate the opposite, for instance in myocardial infarction and atherosclerotic arteries [41, 42] .
As no studies are available on the histopathology of penile tissues in the iNOS KO, we decided to approach in this model the clarification of these controversies, focusing on the specific case of the penile corpora cavernosa subjected to the longterm effect of diabetes as a risk factor for ED. We have investigated whether the absence of iNOS in the iNOS KO and/or the development of STZinduced diabetes neuropathy intensify SM loss, fibrosis, and oxidative stress in the penile corpora cavernosa. The results may help to clarify the role of iNOS in the development of fibrosis due to neuropathies and aging. 2 
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Methods
Animals and Treatments
All the experiments were approved by the Institutional Animal Care and Use Committee of LABioMed at Harbor-UCLA, Torrance, CA, USA, and according to the NIH Guide for the Care and Use of Laboratory Animals. Two-month old WT C57BL6J mice (WT) and iNOS KO B6.129P2-Nos2tm1Lau/J (iNOS KO) were divided into the following groups that were maintained for 8 weeks before sacrifice ( . Insulin treatment started after the animals showed a glycemia >350 mg/dL. Body weights were recorded weekly. Blood for biochemical determinations was withdrawn from the tail vein at baseline and then weekly under 3% isofloruane anesthesia. Urine was collected from the urinary bladder under anesthesia before sacrifice. Mice were euthanized by a bolus administration of sodium penthobarbital. The penises were rapidly excised and weighed, the shaft was skin denuded, a mid-region was fixed in 10% formalin for tissue sectioning, and the rest was frozen as fresh tissue at -80°C for other assays.
Determinations in Fresh Tissue and Blood
Glycemia was determined in serum by an AccuChek Active blood glucose meter (Roche, Ireland), and urinary glucose, ketone bodies, specific gravity, pH, and protein were determined by Multistix Dip Stick (Bayer).
Collagen estimation in fresh tissue was as previously described [24] . Briefly, the tissue was homogenized in saline, hydrolyzed with 2N NaOH for 30 minutes at 120°C, followed by the measurement of hydroxyproline by a modification of the Neumann and Logan's reaction using Chloramine T and Ehrlich's reagent, against a hydroxyproline standard curve and measuring at 550 nm. Values were expressed as mg of collagen per mg of tissue.
Histochemistry and Immunohistochemistry
Paraffin embedded tissue sections (5 um) were used for the following procedures [1] [2] [3] [4] [5] [6] [7] : (i) Masson trichrome staining for collagen (blue) and SM cells (red); (ii) immunodetection with (1) monoclonal antibody against a-smooth muscle actin (ASMA) as a SM cell marker (Sigma kit, Sigma Diagnostics, St Louis, MO); (2) polyclonal antibody against TGF-b1 (1:200) (Promega, Madison, WI, USA), as pro-fibrotic factor; (3) monoclonal antibody against proliferating cell nuclear antigen (PCNA) as marker of cell proliferation (1:400) (Chemicon, Temecula, CA, USA); and (iii) polyclonal antibody against xanthine oxidoreductase (XOR) (1:5000; Abcam), as a marker of oxidative stress. The specificity of the antibodies was validated by Western blot.
Briefly, tissue sections were treated with proteinase K (20 mg/mL), followed by quenching in 0.3% H 2 O 2 -PBS, blocked with goat serum (Vector Laboratories, Burlingame, CA, USA) and incubated overnight at 4°C with the primary antibody. In the case of PCNA and XOR, antigen retrieval was performed by boiling the slides for 3 minutes in an antigen unmasking solution (Vector Laboratories). After the overnight incubation with the first antibodies, sections were then incubated with biotinylated anti-Mouse IgG (ASMA, PCNA) or biotinylated anti-Rabbit IgG (TGF-b1, XOR), respectively, followed by ABC complex (Vector Laboratories) and 3,3'diaminobenzidine (Sigma) (PCNA and iNOS), or with the ASMA Sigma kit (ASMA) and 3-amino-9-ethylcarbazole.
TUNEL assay was performed as described [1] [2] [3] [4] [5] [6] [7] by applying the Apoptag peroxidase detection assay (Chemicon), with TdT enzyme and anti-digoxigenin-conjugated peroxidase, and 3,3'diaminobenzidine/H2O2. Sections were counter-stained with hematoxylin QS (Vector Laboratories). Negative controls in the immunohistochemical detections were done by replacing the first antibody with IgG isotype. The negative control for TUNEL was by substituting buffer for the TdT enzyme. Testicular tissue sections were used as positive control for TUNEL.
Quantitative Image Analysis (QIA)
QIA was performed by computerized densitometry using the ImagePro 4.01 program (Media Cybernetics, Silver Spring, MD, USA), coupled to an Leica B microscope equipped with an Spot RT digital camera (Diagnostic Instruments, Portland, OR, USA) [1] [2] [3] [4] [5] [6] [7] . For Masson staining, 40¥ magnification pictures of the whole penis were analyzed for SM cells (stained in red) and collagen (stained in blue) and expressed as SM/collagen ratio. For ASMA and XOR staining, only the
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J Sex Med **;**:**-** corpora cavernosa were analyzed in a computerized grid and expressed as % of positive area vs. total area of the corpora cavernosa. For PCNA and TUNEL determinations, the number of positive cells at 400¥ was counted and results were expressed as a % of positive cells/total cells in the corpora cavernosa. In all cases, four penile anatomically matched tissue sections per animal were examined at 40¥, with enough fields to cover the whole corpora cavernosa, and in certain cases at 400¥ and eight fields per section, with eight animals per group.
Statistical Analysis
Values were expressed as mean Ϯ SEM. The normality distribution of the data was established using the Wilk-Shapiro test, followed by one-way analysis of variance (ANOVA), and post-hoc comparisons with the Bonferroni test, according to the GraphPad Prism V 4.1. The three WT groups were compared among themselves, and the same was done independently for the three iNOS KO groups. When measurements were restricted to two WT and two iNOS KO groups, comparisons were done among all groups. In some instances, the three WT groups were compared among themselves, and the same was done independently for the three iNOS KO groups, as indicated in the figures. For collagen content, comparisons were made only against the control WT by a two-tailed t-test. Differences were considered significant at P < 0.05.
Results
Glycemia was measured weekly in nonfasted animals under isoflurane anesthesia until it raised above a 350 mg/dL threshold in the STZ injected mice, and then immediately before sacrifice. At this point the control WT mice not injected with STZ showed a spontaneous high glycemia (225 Ϯ 23 mg/dL), and to a lower extent this also occurred with the iNOS KO mice (188 Ϯ 5 mg/ dL) (Figure 1 top) . This appears to be in part inherent to the C57Bl6J genetic background for both strains, where the WT develops a mild hyperglycemia with a regular diet and a marked hyperglycemia with a high-fat diet [43] . But in part it is artifactual too because of nonfasting and the transient effects of isofluorane anesthesia before sacrifice, as confirmed by the fact that when animals were not anesthesized with isofluorane and blood values were obtained after fasting, they were only moderately high in both strains (120-130 mg/dL). Daily insulin treatment normalized glycemia. In order to corroborate that the nonfasting hyperglycemia in the non-STZ injected animals (control WT and iNOS KO mice) was artifactual, an oral glucose tolerance test in fasting animals was performed 1 week before sacrifice by administering a bolus of glucose and compared with injected the STZ-WT and STZ-iNOS KO animals (diabetic mice). The STZ-injected animals were treated daily with insulin except for the day of the assay, and the animals showed a prolonged hyperglycemia lasting for at least 3 hours while the non-INS-or STZ-injected animals show a normal curve response with a decrease of the glycemic levels after 1 hour, and virtual normalization after 3 hours following the bolus administration (bottom). The latter animals will be referred to as "controls" and considered as nondiabetic. The STZ single injection given to the WT mice virtually doubled the nonfasting glycemia values, making the mice frankly diabetic, and as expected insulin treatment normalized these levels. It took a high dose of STZ for the iNOS KO animals (also given to the controls) to become diabetic, in agreement with the relative resistance of this strain to STZ-induced hyperglycemia reported at lower doses [44] . Proteinuria increased up to eightfold in the STZ-treated animals as compared with controls, but this was completely counteracted by insulin (not shown). No ketonuria was detected in the diabetic animals, and the specific gravity and pH of the urine was similar among all groups. Body weights were reduced by STZ in the WT mice (24.0 Ϯ 1.2 vs. 30.3 Ϯ 0.7 in the noninjected controls), and this reduction was partially prevented by insulin, but in the iNOS KO there were no significant changes in body weights by either STZ or STZ and insulin administration (not shown).
Analysis of the corpora cavernosa tissue sections by Masson trichrome staining revealed that there was a considerable reduction of the SM to collagen ratio in the control iNOS KO mice as compared with the control WT mice (Figure 2) , as shown by the representative micrographies (top) and QIA (bottom). The hyperglycemia induced by STZ led to a nearly 50% decrease in the WT mice and to a similar but nonsignificant decrease in the iNOS KO mice. Insulin, which had normalized glycemia, also virtually prevented the hyperglycemiainduced reductions in the SM/collagen ratio.
These effects were confirmed by immunodetection of ASMA as a marker of corporal SM cells by both visual inspection (Figure 3 top) and QIA (bottom), except that there was no significant difference upon STZ treatment between the control iNOS KO and the control WT. The decrease in SM cell content in the WT-STZ-treated animals 
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J Sex Med **;**:**-** vs. their respective controls was in perfect agreement with the apoptotic index determined by TUNEL (Figure 4) . A similar situation occurred with the restoration of SM cell number and the decrease in the apoptotic indexes in the mice treated with insulin. However, the absence of iNOS counteracted the increase of apoptosis by diabetes seen in the WT mice. The cell proliferation index determined indirectly by immunostaining for PCNA was doubled in the iNOS KO control as compared with the WT control, but STZ injection did not cause any significant change in any of them ( Figure 5 top) . As a result, the cell turnover measured by the ratio between proliferation and apoptosis was surprisingly higher in the control iNOS KO vs. the WT (4.0 vs. 1.1) and in the STZ-treated animals (2.8 and 6.4, respectively) vs. the corresponding controls.
As the previous results showed that insulin prevents the histopathological changes seen in the diabetic corpora, no further determinations were considered necessary for the insulin-treated animals in all the remaining assays. Hydroxyproline determinations in fresh corporal tissue for collagen content expressed in ug collagen/g fresh tissue showed a significant but modest (14%) increase in the control iNOS KO vs. the control WT (4.36 Ϯ 0.29 vs. 3.06 Ϯ 0.30; P < 0.05). STZ injection did not change the control value for the iNOS KO (4.37 Ϯ 0.17), and the increase in the value for the WT was marginally nonsignificant (4.35 Ϯ 0.50; P = 0.06).
The corporal expression of a key pro-fibrotic factor, TGFb1, determined by immunohistochemistry, was not affected by the genetic ablation of iNOS expression, but it was considerably increased by STZ-induced diabetes ( Figure 6 ). Similarly, oxidative stress as denoted by XOR expression in the corporal tissue was marginally higher in the control iNOS KO vs. the WT, but it was the STZ injection in the iNOS KO that induced a remarkable increase, virtually doubling the value (Figure 7 ). In contrast, as in the case of TGFb1, diabetes in the WT mice was not associated with an increase in oxidative stress. Ferrini et al.
Discussion
This is the first report on the characterization of histopathological and biochemical changes in the corpora cavernosa induced singly by iNOS genetic inactivation or in combination with diabetes. The current results confirm our claims that (i) the loss of SM and the induction of fibrosis and oxidative stress in the corpora are major factors in causing its lack of compliance in diabetes, resulting in ED; and (ii) iNOS spontaneous induction is in this setting a defense mechanism against fibrosis rather than a deleterious factor because the lack of iNOS induced more fibrosis in both the control and diabetic animals. Therefore, in the specific case of the penis of the diabetic iNOS KO, the genetic inactivation of iNOS expression confirms previous results of iNOS inhibition or overexpression in WT rats [3, 19, 22, 23] and provide a more coherent view on the postulated iNOS protective antifibrotic role than the confusing literature in other organs where iNOS is either beneficial in this respect [27] [28] [29] [30] 37, 38] or inactive or noxious [31] [32] [33] [34] [35] [36] , according to experimental models and conditions. This is not surprising, knowing the biphasic and often antagonistic effects that nitric oxide exerts in many processes that depend on local tissue concentrations and cell types [45, 46] , and that are in a way replicated with one of the main pro-fibrotic factors, TGFb1 [47, 48] . We do not believe that the antifibrotic and SM protective effects of iNOS in the penile tissues are due to any fundamental difference with its response in cardiac and renal tissues. First, only the studies involving the genetic deletion or the pharmacological inhibition of iNOS may provide a meaningful answer in this respect, and many of those cited above indicate that iNOS is also protective in myocardial infarction or diabetic nephropathy. Second, leaving aside differences in experimental approaches, such as the experimental condition that elicits the fibrosis and the time frame when it is studied, the most important factors appear to be the intrinsic features of the fibrotic development in each organ and the nature of the key target cells.
The drastic and abrupt onset of fibrosis in myocardial infarction, or the progressive and relatively fast development of renal tubulointerstitial fibrosis in type 2 diabetes, differ from the much milder and slower process occurring with aging or diabetes in the penis. As a result, the intensity and duration of 
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J Sex Med **;**:**-** the inflammatory phase where iNOS is initially produced, and the release of profibrotic cytokines and reactive oxygen species that counteract the beneficial effects of iNOS, are also different, and this may allow in some cases the predominance of iNOS pro-apoptotic effects as previously reported in the brain [49] . The loss of SM in the corpora and the development of fibrosis and apoptosis in the WT mouse caused by hyperglycemia induced by STZ agree with previous results in rat, mouse, and rabbit models of type 1 diabetes [50] [51] [52] . It is logical to assume that these changes are the main cause of the impairment of corporal compliance seen in these models, both in organ bath and in vivo in the response to electrical field stimulation [53, 54] . In contrast, the relative contribution of corporal endothelial dysfunction, extrapolated from the prevailing views in vascular atherosclerosis research, has not been histologically or mechanistically evaluated conclusively in impotent men or animal models of ED [55] [56] [57] . It is surprising that long-term insulin treatment of the WT mouse, which normalized glycemia, was only partially effective to prevent excessive collagen deposition and apoptosis. This implies that hyperglycemia itself may not be the main inducer of fibrosis and oxidative stress in the corpora cavernosa in this model of type 1 diabetes, or that the intermittent control of glucose due to daily injections was not sufficient to produce a total recovery from the histopathological and biochemical changes induced by diabetes. Corporal damage may also result from a neuropathy of multifactorial origin, and the picture may be even more complicated in models of type 2 diabetes and morbid obesity [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The fact that iNOS deletion per se caused corporal SM loss and fibrosis in nondiabetic animals and intensified them when diabetes was induced by STZ (that also elevated apoptosis and TGFb1 expression as compared with nondiabetic controls) agrees with our prior results regarding iNOS expression in other models [3, 19, 23, 24] and with some studies in other organs [27] [28] [29] [30] . It is noteworthy that oxidative stress measured by XOR levels in corporal tissue was not elevated by diabetes alone in the WT mouse but it was in the iNOS KO, thus reinforcing the assumption that iNOS in this setting may act as an antioxidant by sequester- 
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J Sex Med **;**:**-** ing ROS through the reaction with nitric oxide to form peroxynitrite [21] .Unfortunately, the expression and role of iNOS in the human corpora cavernosa, from the initial description of its induction in human penile SM cells and the cloning of its cDNA [22,58, 
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A. Personal Statement
The goal of this project is to demonstrate that the Oct-4 Pr-gfp transgenic mouse turned diabetic by streptozotocin injection is an excellent model to study: a) the effects of diabetes on the proliferation and differentiation of Oct-4 expressing penile stem cells (OPSC), and to define the impact on their gene expression profile; and b) the counteraction by implanted MDSC in the corpora of the progression of diabetes-related corporal histopathology and the resulting erectile dysfunction, in part by the stimulation of the number and differentiation of OPSC. We speculate that the diabetic Oct-4 Pr-gfp mouse may be used not just for this purpose but for similar approaches to characterize the impact of diabetes on exogenous/endogenous stem cells interactions in a variety of organs and conditions. I believe that I am well qualified to act as PI based on the following facts: a) being a full professor, DOD/NIH funded investigator, and senior author in most of our papers, and obvjously, having written this project; b) having extensive expertise on translational molecular and cellular biology, focused in part in the last 17 years on erectile dysfunction, evolving in the last decade to the study of basic mechanisms of fibrosis in the penis underlying this process, and also in other urogenital and skeletal muscle disease in both rodent models and cell cultures; c) more recently studying the modulation of multipotent cell line differentiation and specifically the use of muscle derived stem cells (MDSC) for tissue repair and to combat fibrosis in several organs, including the penis; c) demonstrating the histopathological and functional effects of types 1 and 2 diabetes on the penis and other organs in rodent models; and d) having isolated and characterized putative endogenous stem cells from the penis and kidney using the Oct-4 Pr-gfp mouse 
I am Professor in the Department of Urology, UCLA David Geffen School of Medicine, and Chief of Urology at the Harbor-UCLA Medical Center, and as urologist I have a long standing and strong interest in erectile dysfunction. I proposed the idea that nitric oxide was the mediator of penile erection, that led to the first publication in the literature (1990) proving this hypothesis. I have been a coinvestigator in all the translational basic science research on erectile dysfunction/penile fibrosis research, and specifically in the role of the nitric oxide/cGMP pathway, emanating from our laboratory at LABiomed/Harbor-UCLA. I will collaborate with this exciting project, by participating in laboratory discussions and analysis of the results, and will provide the insight on the clinical aspects of the research. This approach should validate the Oct-4 Pr-gfp mouse with streptozotocin-induced diabetes as the first model for direct fluorescence visualization of the endogenous stem cells in the penile corpora cavernosa and the effects of diabetes on their proliferation and differentiation. To evaluate the role of NO/cGMP in preventing the fibrosis of the corporal tissue and the media of the arterial wall in diabetes mellitus. Role: Co-I 2% (non compensated)
C. Active and Completed Funding
PR 064756 03/07-02/10 Department of Defense Pharmacological prevention and reversion of erectile dysfunction after radical prostatectomy by modulation of the NO/cGMP pathways. To evaluate the role of NO and cGMP in preventing cellular apotosis and fibrosis in the corporal tissue following cavernosal nerve damage. Role: Co-I 5% (non-compensated) 
BIOGRAPHICAL SKETCH
A. Personal Statement
I am a cell biologist who has been involved for the last 19 years with the study of the pathophysiology of erectile dysfunction and penile fibrosis, particularly in diabetes rodent models, and lately I became involved with stem cell research. Specifically, I was first author on a paper that showed the presence of stem cells in cultures obtained from the human penile tunica albuginea, later collaborated in papers related to the use of muscle derived stem cells (MDSC) for aging-related erectile dysfunction and vaginal repair in rat models, and ongoing I am responsible for the detection of endogenous stem cells (OPSC) in the penile corporal cavernosa of the Oct-4 Pr-gfp mouse. Therefore, this project gives me the exciting possibility of continuing those studies within the UCLA research group and characterize the interaction of both OPSC and MDSC in the diabetic Oct-4 Pr gfp mouse.
